Patterns of mRNA expression during early cell growth differ in kidney epithelial cells destined to undergo compensatory hypertrophy versus regenerative hyperplasia (unilateral nephrectomy/ceIl proliferation/protooncogenes/Na',K+-ATPase mRNA/P-actin mRNA)
to describe the hypertrophied cell.
The adult mammalian kidney compensates for nephron loss predominantly by cellular hypertrophy-i.e., existing cells increase in size and protein content with only minimal cell proliferation (1) . There are at least two hypothetical frameworks within which each cellular enlargement could occur. The cell cycle, which includes a stage of cell enlargement prior to DNA synthesis, could be interrupted leaving the cell with an increased complement of organelles and molecules (1) . Alternatively, cell enlargement could be initiated and maintained by a specific set of events. Identification of autocrine inhibitory substances as regulators of proximal tubular cell growth in vitro (2) suggests that progression through the cell cycle could be blocked by such inhibitors. If the cell cycle is interrupted in hypertrophy, events preceding the blockade would be similar to those in dividing cells. There is no information on how the enlargement of a hypertrophying cell is controlled.
Renal tubular epithelium provides a useful model for the investigation of early events in cell growth in vivo. (i) These cells are normally quiescent with only a small percent undergoing mitosis. (ii) Proliferation can be induced by acute injury with denudation of the tubular basement membrane (i.e., regenerative hyperplasia). (iii) Hypertrophy can be induced by ablation of renal mass.
In this study, we compared the expression of mRNAs in cells of the rabbit renal cortex after unilateral nephrectomy and folic acid-induced acute nephrotoxic injury. mRNAs from the following three categories of genes relevant to early growth and adaptive function were selected: (i) protooncogenes (c-myc, c-fos, and c-Ha-ras), (it) structural protein genes (J3-actin and vimentin), and (iii) transport protein genes (Na',K+-ATPase a and p subunits, ADP-ATP translocase, and calcyclin). The results show that the time course of mRNA expression in the first 48 hr differs in the two models.
MATERIALS AND METHODS
Animals. Adult male New Zealand White rabbits (=2 kg; Irish Farms, Norco, CA) were used. One group of animals underwent right unilateral nephrectomy or sham operation under Nembutal anesthesia. In sham operations the right kidney was exposed and gently manipulated. A second group of animals were given a single intravenous injection of folic acid [250 mg/kg (body weight)] in 300 mM sodium bicarbonate (3); control animals received only the vehicle. Folic acid causes acute renal failure characterized by a variety of mild to moderate changes (4) . Some mitochondrial degeneration in proximal and distal tubular epithelium occurred 30-60 min after administration followed by some cellular dedifferentiation (5) . Although cellular damage is slight, there is considerable proliferation (3) ; since partial lesions elicit a proliferative response, total necroses are not a prerequisite (5) . Animals were sacrificed from 30 min to 8 weeks after treatment. Kidneys were weighed and the cortex was analyzed.
DNA Synthesis. Forty-eight hours after folic acid or unilateral nephrectomy, animals were injected with 1 mCi of aqueous [3H]thymidine (61 Ci/mmol; 1 Ci = 37 GBq; ICN) 2 hr prior to sacrifice. A single-cell suspension of cortical tubular cells was prepared (6) , and incorporation of isotope and protein concentration in trichloroacetic acid-precipitable material were measured as described (7) .
Cell-Cycle Analysis and Cell Sizing. Cortical cell suspensions were prepared at times up to 48 hr after treatment and fixed in 70% (vol/vol) ethanol. Cells were washed twice with isotonic phosphate-buffered saline (PBS) and treated with DNase-free RNase A (Calbiochem) at 1 mg/ml in PBS for 30 min at 370C with constant agitation. Cells were resuspended in propidium iodide at 50 ug/ml in hypotonic citrate, dispersed by aspiration through a fine-gauge needle, and analyzed on an EPICS V cell sorter (Coulter) at an excitation wavelength of 514 nm; fluorescence >590 nm was monitored. tTo whom reprint requests should be addressed.
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Histograms of a minimum of 5 x 104 events were generated gated from the forward-angle light-scatter profile. Forwardangle light scatter also provides an indirect measure of cell size. Cell size and the percent of cells in the various phases of the cell cycle were estimated by standard computer analysis including subtraction of doublets.
RNA Extraction and RNA Gel Blot Analysis. Total cellular RNA was extracted from the kidney cortex according to Chirgwin et al. (8) . RNA (20 ,ug of RNA per lane) was fractionated on 1.2% agarose/formaldehyde gels (9) . Gels were stained with ethidium bromide (0.5 ,ug/ml) to monitor the integrity of the RNA and to confirm that equivalent loading of RNA per sample. RNA was transferred to Gene-Screen membranes by using 0.025 M sodium phosphate (pH 6.5) as described by the manufacturer (DuPont NEN). Complete transfer was confirmed by examination of ethidium bromide-stained material in the gel and on the filter. mRNAs were sized by comparison with the 28S and 18S rRNAs and an RNA size ladder (Bethesda Research Laboratories).
Filters were prehybridized overnight at 42°C in a solution of 50% (vol/vol) formamide, 0.04% polyvinylpyrrolidone, 0.04% bovine serum albumin, 0.04% Ficoll, 1% NaDodSO4, 0.75 M NaCl, 0.075 M sodium citrate, and denatured salmon sperm DNA at 100 ,ug/ml. Hybridization solution contained 0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin, and 0.02% Ficoll plus a denatured radioactive probe at 0.5-1 x 109 dpm/,ug. Filters were hybridized at 42°C for 16-48 hr. The stringency of washes was established for each probe. Filters were generally washed twice with 2 x SSC (2 x SSC = 0.03 M NaCl/0.003 M sodium citrate, pH 7.0) for 5 min at room temperature; followed by two 30-min washes with 2 x SSC/0.1% NaDodSO4 and one wash with 1 x SSC/0.1% NaDodSO4 at 45-55°C. Filters were exposed to Kodak XAR-5 film at -80°C for 1-7 days with intensifying screens. Autoradiograms were scanned with a laser densitometer (LKB). Membranes were stripped of radiolabeled probes, complete removal was confirmed by autoradiography, and blots were reprobed a maximum of three times.
At the low-stringency conditions necessary for hybridization of some probes, there was weak cross hybridization with 28S and 18S rRNA. Wherever possible the specificity of hybridization between probe and transcript was confirmed by comparison with hybridization to mRNA from cells expressing high levels of the particular mRNA [COLO 320 cells for c-myc mRNA (10), virally transformed NRK cells for V-Haras mRNA, and RSK fibroblasts for c-fos mRNA].
RNA gel blot analysis was performed at least twice on each RNA sample. Since the predominant differences between folic acid and unilateral nephrectomy were observed in mRNAs for 8-actin and Na+,K+-ATPase, the patterns of mRNA expression were confirmed with these probes in three groups of animals.
DNA Probes. DNA probes are shown in Table 1 . Plasmids carrying the probes for vimentin (p4Fl), calcyclin (p2A9), and the ADP-ATP translocase (p2Fl) were provided by R.
Baserga (Temple University). The P3-actin probe (pHF,8A 3' ut) was obtained from L. Kedes (Stanford Medical School). Plasmid DNA was transfected into Escherichia coli C600 and probe fragments were purified by established protocols (9) . DNA probes were labeled with [32P]dCTP (3000 Ci/mmol, New England Nuclear) by multiprimer labeling (26) or nicktranslation (9) to an activity of 0.5-1 x 109 dpm/,ug.
Cross-species hybridization of the probes was confirmed on Southern blots of rabbit DNA (data not shown).
RESULTS
Cell Size, DNA Synthesis, and Cell-Cycle Analysis. Fortyeight hours after folic acid or unilateral nephrectomy, cell volume increased as indicated by the shift of the curves in Fig. la . Traces from various samples were normalized to that of 10-,um beads and plotted on the same scale. The biphasic curve in unilateral nephrectomy indicates a heterogeneous cell population. Cell volume was greater in folic acid than in unilateral nephrectomy, the latter being dependent upon the extent ofrenal ablation (1) . Measurement ofcell size at longer times after unilateral nephrectomy showed an increase exceeding that induced by folic acid (data not shown).
Forty-eight hours after folic acid, incorporation of [3H]thymidine per cell increased 15-fold over controls whereas a 1to 2-fold increase above control was observed after unilateral nephrectomy (Fig. lb) . In controls and unilateral nephrectomy, >95% of cells were in the GO/G1 phase of the cell cycle ( Fig. ic) . In contrast, folic acid increased the proportion of cells in S/G2/M from 4% to 10%.
After unilateral nephrectomy, the wet weight of the kidney increased to 112% of control at 48 hr and reached a maximum of 130% at 2 weeks (data not shown).
RNA Gel Blot Analysis. The DNA sequences are listed in Table 1 , with references to the cell-cycle-dependent expression of the corresponding mRNAs. The genes selected are not species-specific since all hybridized to rabbit genomic DNA (data not shown).
Composite autoradiograms demonstrate the time course of expression of the mRNAs after folic acid ( Fig. 2a ) or unilateral nephrectomy (Fig. 2b ). Fig. 3 shows the fold by the vimentin (4F1) probe is generally 1.55-1.9 kb but a 2.4-kb transcript has been reported (27) . The number of probes tested required the use of multiple filters in each experiment thereby minimizing the possibility that the patterns of mRNA expression in either model could be due to a single, possibly atypical, gel or transfer.
Sodium bicarbonate caused small (less than a factor of 3), transient increases in mRNAs for 13-actin, vimentin, Na',K+-ATPase and ADP-ATP translocase in the first hour after injection; the increase was less than that induced by folic acid. There was a rapid increase in expression of most mRNAs in the first 4 hr after sham-unilateral nephrectomy, suggesting that these early increases are not specific to unilateral nephrectomy (Fig. 3b, Inset) .
The following patterns of mRNA expression emerged.
Protooncogene mRNAs. c-fos mRNA increased rapidly after folic acid, peaked at 2-4 hr, and declined to control levels by 6 hr (Fig. 2a ). There was no increase in c-fos mRNA levels for up to 12 hr after unilateral nephrectomy (Fig. 2b) . c-myc mRNA increased rapidly after both folic acid and unilateral nephrectomy to peak at =4 hr, returning to control levels by 12 hr after folic acid ( Fig. 2a ) but remaining elevated up to 72 hr after unilateral nephrectomy (Fig. 3b ). Since sham nephrectomy caused a similar early peak in c-myc expression, it is possible that this response is induced by operational stress. c-Ha-ras mRNA was detected at 24-48 hr after folic acid but there was no expression after unilateral nephrectomy (data not shown). Structural protein mRNAs. Folic acid increased expression of 3-actin by 60 min, with peaks at 4 and 24 hr ( Fig. 2a ), whereas after unilateral nephrectomy there was a gradual, progressive increase that persisted for up to 2 weeks (Fig.  3b ). After folic acid, vimentin mRNA expression showed a similar pattern to that for ,B-actin ( Fig. 3a) , after unilateral nephrectomy vimentin mRNA expression increased to 6 hr, declined, and then gradually increased from 48 hr (Fig. 2b ) up to 8 weeks (data not shown).
Transport protein mRNAs. After folic acid ADP-ATP translocase mRNA increased to a maximum at 6 hr, fell to control by 12 hr, and increased again between 24 and 48 hr (Fig. 3 ). After unilateral nephrectomy ADP-ATP translocase increased from 30 min to 2 weeks with elevated expression at 2-4 hr and 24 hr (Fig. 3b ). Na+,K+-ATPase mRNA increased rapidly after folic acid, with a peak at 6 hr, then declined to 24 (Fig. 2a) ; both subunits were generally regulated coordinately. Unilateral nepkrectomy induced a progressive increase from 2 hr to 14 days (Fig. 3b) .
Calcyclin mRNA appeared 4 hr after folic acid, peaked after 24 hr, and was still detectable after 48 hr (data not shown). No expression of calcyclin was detected after unilateral nephrectomy.
DISCUSSION
One mechanism for cellular hypertrophy is that quiescent (GO) cells enter the cell cycle but are blocked during G1 and thus prevented from entering mitosis (1) . Alternatively the increase in cell size could occur by a specific process. Unique-copy gene transcription is required for the transition of cells from a quiescent to cycling state (28) and an early increase in total RNA in the renal cortex occurs after unilateral nephrectomy (29) , suggesting that a study of the time course of gene expression could provide evidence for unique or common events in the two processes. Therefore, we examined gene expression during the phase of cell-size enlargement in hypertrophying and proliferating cells.
The increase in [3H]thymidine incorporation and shift of cells into S/G2/M phases of the cell cycle after folic acid indicated a mitogenic response in the rabbit kidney similar to that in the rat (3) . Cell size increased after both folic acid and unilateral nephrectomy but DNA synthesis occurred only after folic acid. Since it is difficult to achieve the same degree of cell enlargement in the two experimental models and since absolute mRNA levels could, theoretically, be related to the increment in size, the time courses of changes in mRNA rather than the absolute levels were compared.
The expression of numerous genes is cell-cycle-dependent (28, 30, 31) . The genes selected have been shown to be expressed at the Go/G1 transition or in the G1 phase ofthe cell cycle, where common events in hypertrophy and hyperplasia are most likely. Rapid, transient increases in mRNA levels characterize proliferating cells in vivo and in vitro (20, (30) (31) (32) (33) (34) (35) (36) . Generally there is an early peak in c-fos, then in c-myc, and then a later rise in c-Ha-ras mRNA. The time course of protooncogene and P-actin mRNA expression after folic acid is consistent with this pattern. In contrast, the events after unilateral nephrectomy were entirely different. There were no peaks of c-fos and 13-actin expression and the increase in c-myc appeared to be nonspecific, in that it occurred after a sham operation. after unilateral nephrectomy but no sham operations were performed in this study and the magnitude of the response is consistent with the increase seen in sham and unilateral nephrectomized rabbits. Additionally, the absence of c-Haras mRNA and calcyclin expression (mid to late G1 phase) after unilateral nephrectomy supports the hypothesis that hypertrophied cells do not pass through G1. The pattern of gene expression observed after unilateral nephrectomy showed no evidence consistent with entry ofcells into the cell cycle by 48 hr, although kidney weight and cell size had increased by this time. Rather, the gradual increase in mRNA levels suggests that the enlarging cell may remain quiescent, in cell-cycle terms, but accumulate mRNA to accommodate the translational needs of a larger cell. The progressive increase in Na',K+-ATPase mRNA as the kidney increased in weight is consistent with the previous finding (38) that an increase in the transcellular transport capacity of the proximal tubule after subtotal nephrectomy is associated with an increase in Vm. of the basolateral Na+-K+ pump and that this increase can be ascribed to an increased number of pump sites per proximal tubular cell (38) . RNA gel blot analyses measure the concentration of specific mRNAs; thus, an increase in a particular mRNA represents an increase in its concentration relative to other mRNAs. It is, therefore, possible that the gradual increase observed in specific mRNAs after unilateral nephrectomy could be due to a unique population of cells that undergoes hypertrophy and that expresses these mRNAs. However, this is thought to be unlikely and the mRNAs tested are probably representative of mRNAs expressed in all cortical cells.
Of interest was the coordinate regulation of vimentin with p8-actin. j3-Actin is an epithelial cell cytoskeletal protein, whereas vimentin is generally found in mesenchymal cells. Immunofluorescence studies have shown that vimentin is not expressed in normal proximal epithelium but does appear-in renal tumors (39) . Our preliminary data from sections stained with anti-vimentin antibody show localization of vimentin to the glomeruli in control and hypertrophied renal cortex (data not shown).
The different patterns of gene expression in hyperplasia and hypertrophy suggest that cell enlargement is independently regulated in the two processes and that hypertrophy is not due to interruption ofthe normal cell cycle. A comparison of gene expression in renal hypertrophy and liver regeneration reached a similar conclusion (40) . Hypertrophying cells appear to remain quiescent, or "arrested in Go." This idea is supported by the observation that the time taken for proximal epithelial cells in vitro to enter DNA synthesis after mitogen stimulation is the same for quiescent normal and hypertrophied cells (7) . Whether the progressive increase in mRNA levels in hypertrophy is due to increased transcription or to an increase in mRNA stability remains to be determined.
The findings in unilateral nephrectomy indicate that it is probably inappropriate to consider the process of hypertrophy as being a state of entry into, and arrest in, G1, as suggested (1) . Early gene expression in true G1 arrest has shown to be the same as that in cycling cells (41) . We suggest that a more appropriate description ofthe hypertrophied state is "sustained message amplification"-i.e., an increase in functional capacity with no loss of differentiated features and without the functional modifications that occur during the process of cell division.
